Abstract: Parvalbumins (PVALBs) are particularly abundant in the fast-contracting muscles and correlate positively with muscle relaxation speed in amphibians and fishes. MiRNAs play important roles in diverse biologic processes via binding to the 3' untranslated region (3'UTR) of the target mRNAs. In the study, four PVALB isoforms, named as PVALB1, 2, 3, and 4, were identified in the mandarin fish (Siniperca chuatsi) fast muscle and PVALB4 exhibited the highest expression level among them. By bioinformatics analysis, a putative miR-181a binding site in PVALB4 was detected and the direct interaction between miR-181a and PVALB4 was confirmed with the luciferase reporter assay. Further, when miR-181a was inhibited, it substantially increased PVALB4 mRNA expression level and the muscle relaxation rate in vivo. Taken together, the obtained results suggest that miRNA-181a/PVALB4 is an evolutionarily conserved miRNAtarget pair and their interaction is correlated with muscle relaxation rate in the mandarin fish. Therefore, the study revealed a novel molecular mechanism in the regulation of skeletal muscle relaxation in fish.
INTRODUCTION
As in other vertebrates, muscle fibers in fish consist of long cylindrical multinucleated cells, and they are the basic structural and functional units of skeletal muscles [1] . Muscle fibers vary considerably in their morphological, biochemical, and physiological properties. Speed of muscle contraction and relaxation as well as other physiological parameters are critically dependent on the special composition of components belonging to the Ca 2+ handling apparatus [2] . However, upon to date, our understanding of the molecular mechanisms underlying these properties is limited. The basic mechanism involving the contraction-relaxation cycle of vertebrate muscles is a Ca 2+ exchange between the sarcoplasmic reticulum and the myofibrils. Relaxation is achieved by retrieval of Ca 2+ from the myofibrils and transfer to the sarcoplasmic reticulum [3] . The Ca 2+ binding protein, parvalbumin (PVALB) is a small (~12 kDa) sarcoplasmic protein that plays a key role in muscle relaxation. It acts as an intracellular Ca 2+ buffer to determine the duration and magnitude of the activating Ca 2+ signal and thus the force and duration of contraction [4, 5] . The expression level of PVALB in *Address correspondence to this author at the Department of Bioengineering and Environmental Science, Changsha University, Changsha, Hunan 410003, China; Tel: 86 731 84261551; Fax: 86 731 84250583; E-mail: jzhang@ccsu.edu.cn
The first two authors made equal contribution to the work. skeletal muscle correlates positively with relaxation speed. The high concentrations of PVALB are found in the fast-contracting and relaxing skeletal muscles, whereas there is little or no PVALB expressed in the slow-twitch skeletal muscles, cardiac or smooth muscle [6] . Furthermore, induced expression of PVALB by injection of its cDNA into the slow-twitch muscle of rats leads to an increased relaxation rate [7] . Correspondingly, fast-twitch muscle of the PVALB knockout mouse showed a slower Ca 2+ transient and relaxation rate than wild-type mouse [8] .
The parvalbumin protein family could be subdivided into α-and β-evolutionary lineages [9] . It was reported that mechanical relaxation rate could be more significantly accelerated by β-PVALB than by α-PVALB [10] . Fish muscle expresses different kinds of PVALB isoforms depending on species. Transcript analysis identified nine PVALB isoforms in zebrafish (Danio rerio) [11] , while 8 isoforms expressed in common carp (Cyprinus carpio) muscles [5] , but only 2-3 of them were expressed in relatively large amounts. In the dorsal white muscle of the adult Barbus barbus (L.), the levels of PVALB1, PVALB2 and PVALB3 generally decrease with the myotome number increase, while PVALB4 level increased significantly at late myotome stage [12] . In rainbow trout (Oncorhynchus mykiss W.) and brown trout (Salmo trutta L.), the PVALB2 content reached to peak during the phase of transition from the eleuthero-embryonic to the larva stage, which corresponds to locomotor behavior, that required for exogenous food catching and movements [12] . Furthermore, significantly high proportion of PVALB4 expressed in anterior muscle was accompanied by faster contraction kinetics [5] . Therefore, the contractile characteristics of the propulsive musculature evolve with growth, a fact probably related to the parvalbumin differential expression, which appear to affect muscle relaxation rate, presumably due to differences in Ca 2+ and Mg 2+ binding [13] . Thus, these observations suggest a specific role for each isoform in relation to muscle relaxation rate in fish.
MicroRNAs (miRNAs) are a class of evolutionally conserved non-coding RNAs of 18-25 nucleotides (nt), which regulate gene expression at the posttranscriptional level. MiRNAs recognize their target mRNAs by base pairing with the 7-to 8-nt complementary region usually located at the 3'UTRs and thus causing translational inhibition or mRNA decay [14] . In animals, approximately 50% of proteincoding genes are predicted to regulate by miRNAs [15] . Recent studies have shown that miRNAs play important roles in the regulation of muscle growth, differentiation and development [16] . Thus, identification of miRNA potential targets appears to be crucial for miRNA function analysis. The mandarin fish (Siniperca chuatsi) is one of the most important freshwater species in China owing to its good taste, high meat quality and nutritional value [17] . In the study, by expression analysis and computational predictions, we inferred that miR-181a may target 3'UTR of PVALB4, and the direct interaction between miR-181a and PVALB4 was confirmed with the luciferase reporter assay. The results revealed that miRNA-181a/PVALB4 is an evolutionarily conserved miRNA-target pair and their interaction correlated with muscle relaxation rate in the mandarin fish. Therefore, the study revealed a novel molecular mechanism in the regulation of skeletal muscle relaxation in fish.
MATERIALS AND METHODS

Sample Collection and Preparation
The mandarin fish (Siniperca chuasti) was raised at Hunan Aquaculture Research Institute, Changsha, Hunan, China. Fast-twitch (white) skeletal muscle was taken from a middle position (MID=0.55 TL) of the fish with the body weight of ~250 g, then subsequently persevered in liquid nitrogen and stored at -80°C until further processing.
cDNA Library Construction and EST Sequencing
Total RNA was extracted from the S. chuatsi fast muscle using Unizol reagent (Biostar, Shanghai, China). Poly(A) + mRNA was isolated from total RNA using Oligotex mRNA mini kit (Qiagen, USA). Then poly(T)-primed cDNA was synthesized and directionally inserted into the pBluescript II SK(+) vector. Sequencing reactions of more than 5,000 single-pass from 5' end of each cDNA clone were carried out with DYEnamic ET Terminator (GE Healthcare) with a T3 primer (5'-AATTAACCCTCACTAAAG-3'). The sequencing was performed on a 3730XL DNA analyzer (Applied Biosystems, Foster City, CA, USA). The PVALB sequences were searched for their similarity to the known PVALBs of the non-redundant (nr) database in NCBI with BLASTX.
Bioinformation Analysis
The nucleotide sequences and inferred amino acid sequences were analyzed with DNAStar 6.13. The BLAST program was used to identify homologous sequences in the GenBank database. Prediction of protein domains was carried out by the MotifScan scanning algorithm (http://myhits.isb-sub.ch/cgi-bin/ motif_scan). The sequences were aligned with multiple alignment program ClustalW [18] . The phylogenetic relationship of PVALBs was determined using the Neighbor-Joining method and Molecular Evolutionary Genetics Analysis (MEGA) software version 4 [19] .
Quantitative Real-Time PCR
Total RNA was extracted using Trizol reagent (Invitrogen) and the miRNAs were extracted with the miRNeasy kit (Qiagen). The relative PVALB mRNA levels were assayed by real-time PCR in the StepOne TM Real-Time PCR System (ABI, USA). The β-actin mRNA fragment was amplified as an internal control. The expression of miR-181 was detected using the one step PrimeScript miRNA cDNA synthesis Kit (TaKaRa, Dalian, China) using Rpl13 as an endogenous control. All the primers used in the qRT-PCR are listed in Table 1 . Primer Name Specific Primer Sequence (5'-3')
The reverse primer of miR-181a used for detection was universal downstream primer (Uni-miR qPCR Primer, 10μmol/L, Takara).
Prediction of PVALB-binding miRNAs
To identify the possibility of PVALB regulation by miRNAs, we queried the TargetScan Fish 6.2 (http://www.targetscan.org/fish_62/) for computational analysis. The sequence conservation of miRNA target sites across distant species was comparatively analyzed using blast search.
3'-UTR Luciferase Reporter Assay
The 3'-UTR luciferase reporter plasmids (pYrMirTarget-PVALB4-3U) were constructed by introducing PVALB 3'UTR carrying putative miRNA binding sites into the downstream of the firefly luciferase gene in pGL3-control vector (Yingrun Biotechnologies Inc., Changsha, China). Meanwhile, six base pairs in the UTR were deleted to generate pYr-MirTarget-PVALB4-3U-d mutant. Luciferase assays were carried out in 293T cells to determine the effect of miRNAs on the activity of pYr-MirTarget-PVALB4-3U. Cells were transfected with either wild-type or mutant constructs, with miR-181a mimic or negative control mimic [20] .
Silencing of miR-181a In Vivo with Antagomirs
An antagomir specific to miR-181a (hereafter termed antagomir-181a) was designed as: AsAsCATT CAACGCTGTCGGTGAGsTsTsTs-Chol-3. Antagomirs or PBS was administrated on mandarin fish with a mean (±SD) mass of 236.7±21.4 g three times a day for a consecutive 3 days at a dose of 80 mg/kg body weight. The trial fishes were sacrificed 24 h after the last injection for experimental analyses. Fast muscles were harvested for qRT-PCR assay and physiological analysis.
Physiology Experiments
The contractile properties were examined for white muscle bundles from the middle position (MID=0.55 TL, total length) of six mandarin fish. Muscle bundles less than 1mm diameter, encompassing one myotome and preserving myosepta at each end, were dissected and tied into a muscle mechanics system comprising of servomotor (Cambridge Technology 300S, Cambridge, MA, USA) and a force transducer (Aurora Scientific 404A, Aurora, ON, USA). The bundles were maintained in the physiological saline aerated gently to supply oxygen and to induce circulation at 20°C. The activation conditions (muscle length, pulse length and amplitude for twitch contractions, stimulus duration and frequency tetanic contractions) for each bundle were optimized to generate the maximal tetanic force. The duration of the stimulus was 100-150·ms for fast muscle and was composed of 2-3·ms pulses at a frequency of 200·Hz. The amplitude of each pulse was typically 7-9·V. For tetanic contractions, time of activation (TA) was defined as the time from 10% to 90% of maximum peak isometric stress. Time of relaxation (TR) was the time from 90% to 10% of peak isometric stress. Twitch time (TW 90) was defined as the time from stimulation to 90% recovery (10% of peak isometric stress) in twitch contractions. At the end of each experiment, the cross-sectional area of the muscle bundles was estimated based on the width and depth of the muscles as measured in the mechanics apparatus. For fast muscle bundles, the live fiber area was estimated from bundle cross-section area by multiplying by a correction factor of 0.63. This accounts for ~30% dead fiber area and ~10% connective tissue. These conservative factors are based on prior studies with histological analysis of fish myotomal muscle [21, 22] .
Statistical Analysis
Data are shown as means ± SD. The PVALBs mRNA and miRNA-181a expression levels, and contractile properties were analyzed by one-way ANOVA procedures followed by Duncan's Multiple Range test, using the SPSS 11.5 program (USA). The differences were considered statistically significant when P <0.05.
RESULTS
The PVALB Genes and Deduced Protein Sequences Analysis
Three hundred and twenty-two clones for PVALBs were isolated from the cDNA library prepared with the juvenile fish white muscle. The cDNA sequences of PVALBs were designated as PVALB1, PVALB2, PVALB3 and PVALB4 (Genbank accession number FJ560898, GU254023, GU254024, GU254025) with 740, 701, 673 and 755 bp respectively. Based on amino acid sequence data, the PVALB family could be subdivided into two evolutionarily distinct lineages: the α-and β-PVALB group. The former is less acidic, with isoelectric point at or above 5.0, while the latter is more acidic, with an isoelectric point at or below 4.5. The constructed phylogentic tree revealed that the Siniperca chuatsi PVALB1 is the α-type and the other three PVALBs are the β-type (Fig. 1) . There are six helices and three loop domains of PVALBs, designated as Helix A-F and Loop I-III, respectively. Among the loop and helix domains, the Loop III and Helix D exhibit 100% identity of the three β-type PVALBs (Fig. 2) .
Expression of PVALBs in the Mandarin Fish
The expression patterns of the four PVALB isoforms (PVALB1, PVALB2, PVALB3 and PVALB4) in the mandarin fish fast muscle were analyzed by real-time RT-PCR. As shown in Fig. (3) , PVALB4 exhibited at the highest expression level among the 4 isoforms and the other 3 PVALBs expressed relatively low without significant difference.
Prediction of miRNAs Targeting PVALB4
The 5' region, particularly seed positions 2-8, is specific binding to a target site in the 3'UTR of the given mRNA by perfect Watson-Crick complementarity [23] . This hypothesis recently supported both computationally and experimentally [24] . Bioinformatic analysis by TargetScan revealed that PVALB4 may be regulated by different miRNAs including miR-27, miR-101, miR-128, miR-144, miR-181, miR-221, miR-499 and miR-736, but their predicted binding sites to the 3'UTR of PVALB4 are poorly conserved. However, only one specific miRNA, miR-181a, conserved targeted PVALB4 in zebrafish (Danio rerio), Atlantic salmon (Salmo salar) and the mandarin fish (Siniperca chuatsi) (Fig. 4) . Furthermore, the putative predicted binding site of miR-181a was also found in the 3'UTR of PVALB in other teleost (Fig. 4) , such as orange spotted grouper (Epinephelus coioides), barramundi perch (Lates calcarifer), Atlanctic cod (Gadus morhua), silver carp (Hypophthalmichthys molitrix) and common carp (Cyprinus carpio) (Fig. 4) . Thus, miR-181a is likely to be an important regulator of PVALB4 in fish, at least in mandarin fish (Siniperca chuatsi).
miR-181a Acts Directly at the 3'UTR of PVALB4
To determine whether the Sinperca chuatsi PVALB4 could be directly targeted by miR-181a, the wild type and the mutant 3'-UTR sequence of the PVALB4 gene were separately constructed into a luciferase reporter gene for analysis. Co-transfection of a miR-181a mimic with the PVALB4 luciferase construct repressed the luciferase activity by 23% (P<0.05) (Fig. 5) . Mutation of the target sites in PVALB4 relieved the repression entirely. These data indicate that the predicted binding site in the 3'UTR is critical for the direct and specific binding of miR-181a to the PVALB4 mRNA. To examine whether alternation in the miR-181a expression could change the PVALB4 expression, we knocked down miR-181a in S. chuatsi with an antisense miR-181a RNA, antagomir-181a. An antagomir is a chemically modified synthetic RNA complementary to a specific microRNA that inhibits and degrades the target microRNA irreversibly [25] . Injection of antagomir-181a knocked down miR-181a expression, but did not affect the control microRNA, miR-92 in fast muscle (Fig. 6A) . By contrast, PVALB4 mRNAs was elevated dramatically (Fig. 6B) . The results indicated that miR-181a could directly regulate PVALB4 expression in vivo. Injection of antagomir181a also had a significant effect on contractile properties of the white muscle of the mandarin fish (Fig. 7) . After injection of antagomir-181a, time of activation, relaxation and total twitch time were all reduced. However, this effect was only significant for time of relaxation and twitch time (P<0.05), but not on time of activation (P>0.05). Therefore, inhibition of endogenous miR181a with antagomirs led to an increase in the rate of relaxation of the muscle, which indicates that endogenous miR181a contributes to the rapid muscle relaxation by regulating PVALB4 in the mandarin fish.
DISCUSSION
The Ca 2+ binding protein, parvalbumin (PVALB) was reported to be involved in promoting muscle rapid relaxation from the active contractile state -a role that depends critically upon its high affinity for calcium [13] . Muscle with faster relaxation rates depends on relatively expressed amount of a particular PAVLB isoform [26, 27] . Comparison of carp muscle among different regions revealed a higher level of expression of PAVLBβ4 and PAVLBβ5 in the anterior region, which was accompanied by an increase in the rate of relaxation [5] . In both cod and seabass, there was a greater parvalbumin content in the anterior fast muscle, which corresponds to faster muscle contractile properties [22, 28] . The typical adult expressional pattern of PVALBs is characterized by a strong predominance of PVALB4 in Barbus barbus (L.) [12] . In the study, we confirmed that four PVALB isoforms, named as PVALB1, 2, 3, and 4, were expressed in the mandarin fish fast muscle, and PVALB4 expressed at the highest level. Sequence alignment showed that there was a high degree homology of four PVALBs in the Ca 2+ binding domains (CD and EF domains) with the Ca 2+ binding residues completely conserved. The sequence differences among the four isoforms are mainly located within the N-terminal AB domain. Changes in the AB domain have been shown to affect the calcium affinities of CD and EF binding sites [29] . These different PVALB isoforms appear to differentially affect muscle relaxation rates, presumably due to differences in Ca 2+ and Mg 2+ binding [13] . MiRNAs were reported to be involved in diverse biological processes, including developmental timing, cell proliferation, apoptosis, metabolism, and morphogenesis [30] . They could restore or reprogram gene expression patterns in vivo, thereby changing the amount of mRNA targets. Most miRNAs and their mRNA-binding are strictly conserved across species [31, 32] . While Pasquinelli et al. [33] found let-7 and one of its targets, lin-41, are highly conserved in animals. The evolutionarily conserved pair of lin-41 and let-7 was also verified in C. elegans [34, 35] , mouse [36] , chick [36] and human [37] , providing additional evidence to support that the regulation of lin-41 mediated by let-7 miRNA is conserved in animal development from C. elegans to human. Ealier studies revealed that miR-181 plays roles in neuroinflammation, reactive gliosis, apoptosis, glioblastoma and prostate tumors [38] , and it also participated in the process of skeletal-muscle differentiation and maintenance by target to the myostatin and HOX-11 [20, 39] .
In the present study, bioinformatic analysis revealed that miR-181a and its binding site in PAVLB4 are conserved in zebrafish (Danio rerio), Atlantic salmon (Salmo salar) and the mandarin fish (Siniperca chuatsi). The unique 5'-TGAATGT-3' binding site in PVALB4 3'-UTR to miR-181a is much conserved amongst species. Therefore, it indicates an important function of miR-181a in regulating the PVALB4 expression. Our further data demonstrated that miR-181 targeted to the 3'UTR of PVALB4 and downregulated the expression of the PVALB4 mRNA in vitro. Further analysis confirmed that miR-181a was down- regulated after antagomir treatment, while the PVALB4 mRNA level was elevated dramatically, which led to muscle relaxation in mandarin fish. Therefore, it could be concluded that the down-regulation of PVALB4 by miR-181a is physiologically relevant to muscle relaxation, and it may be the reason why the PVALB4-miR181a pair has been well conserved during animal evolution. Based on theses observations, we infer that miR-181/PVALB4 interaction would provide a new insight into the mechanism of muscle relaxation involving in a feedback regulation and a high degree of complexity of signaling networks in muscle relaxation in fish.
In conclusion, we cloned four PVALB genes in Siniperca chuatsi and found that miR-181a is an important negative regulator of PVALB4 by targeting its 3' UTR, and the miR-181a suppression could result in the increase of the PVALB4 expression and the rate of muscle relaxation. This study would provide novel insights into the regulation mechanism of the miRNA in terms of muscle relaxation in fish, at least in Siniperca chuatsi.
